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A MESOPHASE PITCH DERIVED CARBON FOAM: EFFECT OF 
PRESSURE AND RELEASE TIME 
 
SUMMARY 
 
Recent developments of advanced materials technology have been driven by the 
requirements for improved strength, low-weight and low-cost in structural 
engineering materials. Carbon based materials have been used in high technology 
applications since 19
th
 century. The researches, which were made in late 1950’s for 
producing high performance composite materials, have played a great role in the 
development of carbon fibers. These lightweight and high strength materials have led 
to significant advancements in industry. However the increasing requirements of 
developing technology exposed new approaches in structural materials. 
 
The researches related to carbon foams started in late 1960’s and optimization in 
production techniques resulted in high thermal conductivity, low-density carbon 
foams in the year 2000’s. Therefore, carbon foams became popular in the field of 
carbon materials. The researches and applications about the high thermal 
conductivity carbon foams are just at the beginning stage. 
 
The density of carbon foam material varies between 0.2-0.6 g/cm³ according to the 
starting material. While carbonized foams are preferred for insulation, graphitized 
foams having high thermal conductivity can be widely used in thermal management 
applications. Carbon foams have four or five times greater specific thermal 
conductivity when compared with copper and aluminum. Because of the material’s 
high thermal conductivity and low density, carbon foam applications in radiators, 
heat exchangers etc., provides great advantages in the costs and dimensions of the 
devices. For instance, it is possible to reduce the size of a 60 cm x 60 cm radiator in 
the order of 1/3 by using carbon foam. Finally, the researches about production and 
characterization of the foam are also of great interest in industrial areas, including 
aerospace and automotive industries. 
 
The goal of this study is to produce carbon foams from a mesophase pitch precursor. 
The pitch is heated at a temperature above its softening point (300ºC) in a high-
pressure autoclave, and then high pressure (approximately 68 bar) is applied. 
Following the autoclave stage, the process for producing carbon foam results in 
stabilization (310ºC) and carbonization (1050ºC) of the product. In order to 
determine the foam structure and characteristics, operating pressure and pressure 
release time are chosen as process parameters. The effects of these parameters on the 
resulting carbon foam are determined using related characterization techniques, such 
as stereo light microscopy, SEM and mercury porosimetry. The samples are 
subjected to compression testing and density measurements. 
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MEZOFAZ ZİFT BAZLI KARBON KÖPÜĞÜ: BASINÇ VE BOŞALTMA 
SÜRESİNİN ETKİSİ 
 
ÖZET 
 
Hızla gelişen endüstrinin mukavemeti yüksek, hafif ve ucuz malzeme talebi ileri 
malzeme teknolojisinin doğmasına neden olmuştur. Karbon bazlı malzemeler 
19.yüzyıldan bu yana teknolojik uygulamalarda kullanılmaktadır. 1950’li yılların 
sonunda yüksek performanslı kompozit malzemelerin elde edilmesi için yapılan 
çalışmalar, karbon malzemeler içerisinde önemli bir yere sahip olan karbon fiberlerin 
keşfine öncülük etmiştir. Yüksek sertlik ve düşük spesifik ağırlığa sahip bu 
malzemeler endüstride geniş kullanım alanı bulmuş ancak gelişen teknolojinin farklı 
talepleri yeni malzeme arayışını hızlandırmıştır. 
 
1960’lı yılların sonunda karbon köpüğü üretimi ile ilgili çalışmalar başlamış olup 
2000’li yıllarda üretim tekniklerinin geliştirilmesiyle beraber termal iletkenliği 
yüksek, yoğunluğu düşük karbon köpüğü elde edilmiştir. Böylelikle karbon 
malzemeler içerisinde önemli bir yer edinen karbon köpüklerinin termal iletkenlik 
özellikleri ile ilgili araştırma ve uygulama çalışmaları hız kazanmıştır. 
 
Karbon köpüğünün yoğunluğu kullanılan hammaddeye bağlı olarak 0.2-0.6 g/cm³ 
arasında değişmektedir. Karbonize edilmiş köpük yalıtım uygulamalarında tercih 
edilirken grafitizasyon prosesi sonrasında kazandığı yüksek termal iletkenlik 
sebebiyle ısı iletimine yönelik uygulama alanları bulmaktadır. Bakır ve alüminyum 
ile kıyaslandığında grafitik yapıdaki karbon köpüğünün dört-beş kat daha fazla 
spesifik termal iletkenliğe sahip olduğu görülür. Karbon köpükleri gerek yüksek 
termal iletkenlikleri gerekse çok düşük yoğunlukları sebebiyle ısı değiştiricilerde, 
radyatörlerde ve daha birçok ısı değiştirme elemanında özellikle maliyet ve boyut 
açısından büyük oranda ekonomi sağlanmasına sebep olan malzemelerdir. Bu 
nedenle söz konusu malzeme ile ilgili üretim ve karakterizasyon çalışmaları çok 
önemlidir. Uçak, uzay ve otomotiv endüstrilerinde yaygın kullanım alanı bulan 
karbon köpüklerinin uygulama alanına bir örnek vermek gerekirse, 60 cm x 60 cm 
boyutundaki bir otomobil radyatörünün boyutlarını karbon köpüğü kullanarak 1/3 
oranında küçültmek mümkündür. 
 
Mezofaz ziftin hammadde olarak kullanılmasıyla karbon köpüğü eldesinin 
amaçlandığı çalışmada zift yüksek basınçlı otoklav içerisinde yumuşama sıcaklığının 
üstünde bir sıcaklığa (300ºC) ısıtılır ve ardından yüksek basınca (yaklaşık 68 bar) 
tabi tutulur. Otoklav aşamasını 310ºC’de gerçekleştirilen stabilizasyon ve 1050ºC’de 
gerçekleştirilen karbonizasyon prosesleri takip eder. Karbon köpüğünün yapısının ve 
özelliklerinin belirlenmesi açısından otoklav aşamasında uygulanan basınç ve basınç 
boşaltma süresi temel parametreler olarak seçilmiş olup son ürüne etkileri ilgili 
karakterizasyon çalışmaları ile aydınlatılmıştır.  
   
x 
Üretilen karbon köpüğü örnekleri stereo ışık mikroskopisi, SEM ve civa 
porosimetresi ile karakterize edilmiştir. Yoğunluğu ölçülen örnekler dayanıklılığı 
konusunda bilgi vermesi açısından mekanik teste tabi tutulmuştur. 
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1.         INTRODUCTION 
 
In recent years the use of carbon fibers has evolved from structural reinforcement to 
a thermal management material, with the emphasis in applications such as high 
density electronic modules, communication satellites, and automotive systems. The 
high cost of carbon fibers has stimulated research into both novel reinforcements and 
new composite processing methods. Other than low cost, the primary concerns in 
structural and thermal management applications are high thermal conductivity, low 
weight, low coefficient of thermal expansion, high specific stiffness and specific 
strength. 
 
Carbon foam materials, which have been produced for several years, are composed 
of amorphous carbon. They are good thermal insulators with thermal conductivities 
less than 10 W/m·K [1]. Development of graphitic carbon foams with exceptionally 
high thermal conductivity and efficient energy transfer characteristics resulted in 
potentially desirable engineering materials. Compared to conventional thermal 
management materials, such as copper and aluminum, graphite foams have specific 
thermal conductivity values up to five times higher. A high specific thermal 
conductivity combined with relatively high specific strength make graphite foam an 
attractive material for use in thermal management applications. Other properties of 
graphite foam, such as a relatively low coefficient of thermal expansion (CTE), make 
the material dimensionally stable, and thus, well suited to thermal applications. 
 
The main purpose of this research is to produce carbon foam from a pitch precursor 
and investigate the effects of some process parameters on the resulting material by 
using several characterization methods. 
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2.         LITERATURE REVIEW 
 
2.1.      The Element Carbon 
 
Carbon in nature is found in all living animal and vegetable species, whose 
decomposition yields carbon rich mixtures such as natural gas, oil (petroleum), peat, 
coal or metallic carbonates. Elementary carbon, which is the most abundant one in 
the Universe after hydrogen and helium, occurs in two crystalline forms, diamond 
and graphite, and in molecular form fullerenes [2].  
 
It has an atomic weight of 12.011 and is the sixth element in the periodic table.                                                                          
Three isotopes are known to exist, these being C
12
, C
13
, and C
14
, the first two of 
which are stable. C
12 
accounts for around 99% of the naturally occurring carbon and 
is used as the reference definition of atomic mass. It is defined as having a  “Relative 
Atomic Mass” of 12. C13 has a magnetic moment (spin = ´), which results in its 
being used as a probe in nuclear magnetic resonance (NMR) studies, although its low 
abundance induces lengthy acquisition times. The radioactive isotope C
14
 is 
generated in the earth’s upper atmosphere by the interaction of neutrons with 
nitrogen: 
 
     N
14 + n → C14 + H1                                                                                             (2.1)                 
 
C
14
 has a very long half-life of 5730 years and is used extensively in the dating of 
archaeological artifacts and as a “label” in the study of organic reaction mechanisms. 
The properties of carbon-based materials depend upon its electronic configuration. 
Despite the electronic ground state of carbon being 1 s
2
, 2 s
2
, 2 p
2
 and energetic 
advantage is gained from involving all four outer orbital electrons in bonding 
between other atoms or carbon atoms themselves. Carbon displays “catenation” 
(bonding to itself) to such a degree that the number of resulting chains, rings, and 
networks are almost limitless [2]. 
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2.2.      Carbon Allotropes and Compounds  
 
Carbon is unique in the number and the variety of its allotropes (graphite, diamond, 
fullerenes etc.). The allotropes have the same building block, the carbon atom, but 
their physical form is different. In other words, they have distinct molecular or 
crystalline forms. 
 
The properties of the various carbon allotropes can vary widely. For instance a 
comparison can be made between diamond and graphite. Diamond is by far the 
hardest material known which is made up of a regular three-dimensional network of 
α-bonds providing a very rigid, stable structure (see Figure 2.1). In diamond each 
carbon atom is in the same distance to each of its neighboring carbon atoms. In this 
rigid network atoms cannot move. This explains why diamonds are so hard and have 
such a high melting point. Diamond is transparent to the visible spectrum and an 
electrical insulator. Since, bonding electrons within the diamond lattice are fixed 
between atoms such that electrical conductivity is very low. 
 
 
 
Figure 2.1.   Structure of diamond [3]. 
 
On the other hand, graphite can be one of the softest materials. In graphite, there is 
both α- and π-bonding holding the atoms in hexagonal two-dimensional networks 
that form aromatic layers called graphenes (see Figure 2.2). There are strong 
covalent bonds between carbon atoms in each layer but only weak Van der Waals 
forces exist between layers. This allows layers of carbon to slide over each other in 
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graphite. It is opaque and a conductor. The conjugating π-bonding within the layered 
configuration results in the delocalization of electrons throughout the structure. In 
direct contrast, there is no electron movement across the layers, conduction in that 
direction is minimum [4]. 
 
 
 
Figure 2.2.   Graphite structure [3]. 
 
Although, the allotropes diamond and graphite are made of the same carbon atoms, 
the disparity is the result of different arrangements of their atomic structure. As 
carbon unites with itself to form allotropes, it can also easily combine with hydrogen 
and other elements to form a large number of compounds and composites [5,6].  
 
A third class of carbon compounds has recently been discovered. They are called 
fullerenes. A form composed of 60 carbons is shown in Figure 2.3. Notice the 
geometric patterns of pentagons and hexagons that form the familiar icosohedron. 
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Figure 2.3.   Structure of fullerene [3]. 
 
2.3.      Definitions of Carbon Forms and Processes 
 
Carbon science is concerned with solid carbon materials, of which the overwhelming 
majority, with the exception of diamond, possesses the basic structural arrangements 
of carbon atoms in a hexagonal planar array network. Solid carbons are generally 
derived from organic precursors by a pyrolysis process known as carbonization, and 
exist in graphitic and non-graphitic forms. 
 
 Carbonization: Carbonization is the process of formation of material with    
increasing carbon content from an organic material, usually by pyrolysis, ending 
with an almost pure carbon residue at temperatures of up to about 1200ºC  [4]. 
 
 Graphitization: Graphitization is the solid-state transformation of   
thermodynamically unstable non-graphitic carbon into a graphite structure by 
thermal activation [4]. The degree of graphitization depends upon the heat 
treatment temperature, the time allowed for rearrangement of the atoms and the 
applied pressure. 
 
 Graphitic carbons: Graphitic carbons are all varieties of material consisting of the 
element carbon in the allotropic form of graphite, irrespective of the presence of 
structural defects [7]. Natural graphite is a mineral consisting of carbon regardless 
of crystalline perfection. Some natural graphites show a high degree of perfection 
but most are mined in the form of flake graphites containing other mineral matter.     
Synthetic graphite is defined as a material consisting mainly of graphitic carbon, 
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which has been obtained by means of a graphitization heat treatment of a non 
graphitic carbon or by chemical vapor deposition (CVD) from hydrocarbons at 
temperatures above 1800ºC to give a deposit with the graphite structure [4]. 
     
 Non-graphitic carbons: Non-graphitic carbons are all varieties of substances 
consisting mainly of the element carbon with two-dimensional long-range order of 
the carbon atoms in planar hexagonal networks, but without any measurable   
crystallographic order in the third direction perpendicular to the planes (c 
direction). Many non-graphitic carbons can be converted to graphite by 
graphitization heat treatment to 2200ºC or above. Non-graphitizable carbons are 
those, which cannot be transformed into graphitic carbon solely by heat treatment 
at temperatures of 3000ºC or above under atmospheric or lower pressures [4,7]. 
 
 Pitches: Pitches are carbonaceous materials derived from organic precursors by 
relatively low temperature processes below 400ºC such as distillation [8]. They are 
complex mixtures of polycyclic aromatic hydrocarbons, and it is therefore 
impossible to find the exact chemical composition. Traditionally, pitches have been 
defined by properties such as softening point, coking value, ash content, density, 
quinoline and toluene insoluble content. Pitches are important raw materials for the 
manufacture of engineering carbons. In recent years they have increasingly been 
used in the fabrication of new high performance carbon materials, e.g., carbon 
fibers, carbon-carbon composites, and carbon foams. Two principal types of pitch 
are used as precursors: Coal-tar pitch is a product of coal distillation, generally 
containing fused aromatic ring systems with minimal aliphatics. Petroleum pitches 
are the heavy residues of petroleum processing, consisting mainly of alicyclic rings 
with some aromatic, methylene and alkyl groups. Petroleum pitch cokes are 
generally more graphitizable. During thermal pyrolysis of some petroleum or coal 
tar pitches at about 450ºC mesophase pitch is formed. Mesophase is a highly 
ordered anisotropic liquid-crystal system and it appears in the form of spherical 
entities from within the pitch. Mesophase spheres grow and coalesce to form larger 
spheres until the pitch becomes 100% bulk mesophase. The pitch containing 100% 
mesophase is completely anisotropic in nature [4,9,10]. 
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 Coke: A coke is a highly ordered carbonaceous product of the pyrolysis of organic   
material, at least parts of which have passed through a liquid or liquid-crystalline 
state during the carbonization process and which consists of non-graphitic carbon 
[7]. The structure of coke is a mixture of varying sizes of optical texture, from the 
optically isotropic to domain and flow anisotropy. At the crystallographic level, 
only the short-range order associated with non-graphitic carbons exists. Various 
types of coke can be defined. A “green coke” is the primary solid carbonization 
product obtained from high boiling carbon fractions at temperatures below 600ºC. 
A “calcinated coke” is a petroleum or coal-tar derived pitch coke with a mass 
fraction of hydrogen less than 0.1%. It is obtained by the heat treatment of a green 
coke to about 1275ºC. A “petroleum coke” is the carbonization product of a 
petroleum pitch. Similarly, a “coal tar pitch coke” is the primary industrial solid 
carbonization product from coal tar pitch. “Metallurgical coke” is produced by the 
carbonization of coals or coal blends at temperatures of up to 1100ºC to produce a 
microporous carbon material of high strength. Finally, a “needle coke” is a 
commonly used term for a specialized form of coke with an extremely high 
graphitizability resulting from a strong preferred orientation of the microcrystalline 
structure [4]. 
 
 Chars: A char is a carbonization product of a natural or synthetic organic material   
that has not passed through a fluid stage during carbonization. A char is considered   
to be a devolatilized coal, a product from petroleum residua, wood etc. for use as 
smokeless fuels, barbecue char [7]. 
 
 Coals: Coals result from the coalification of organic materials, mainly of plant 
origin. They possess a wide range of structures at both the microscopic and 
molecular levels. Coalification is a geological process of dehydrogenation 
occurring within the Earth’s crust by gradual transformation at moderate 
temperatures (around 200-250ºC) and high pressures. The process is progressive 
with respect to time. It is possible to define the degree of coalification or coal rank 
at any stage by the C/H ratio of the material. The structural changes from a peat 
through lignites to anthracites via “intermediates” such as sub-bituminous and 
bituminous coals. The carbon content increases from 50 to over 95%. The variation 
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in precursor plant forms and conditions results in varying degrees of coalification 
and the coals show a wide variation in properties depending on their source [4]. 
 
 Charcoal: Charcoal is a traditional term used for a char obtained from wood and 
certain related natural organic materials. The form of the parent material is 
retained, often with a highly developed pore structure. At the microscopic level the 
basic structure is disordered, producing an isotropic optical texture. The 
crystallographic level structure also exhibits very little order with no detectable 
graphitic properties [4].  
 
 Activated carbons: Activated carbons are porous carbon materials, usually chars, 
which have been subjected to reaction with gases, sometimes adding chemicals, 
e.g. ZnCl2, either during or after carbonization to increase porosity. Activated 
carbons have a large adsorption capacity and are used for catalyst supports and 
purification of liquids and gases [7]. 
 
 Carbon blacks: Carbon black is a powdered form of elemental carbon 
manufactured by the vapor phase pyrolysis of hydrocarbon mixtures, such as heavy 
petroleum distillates and residual oils, coal-tar products, natural gas and acetylene 
[4]. The primary use of carbon black is in rubber products such as hoses, gaskets 
and coated fabrics. Much smaller amounts of carbon black are used in inks and 
paints, in plastics and in the manufacture of dry-cell batteries. 
 
 Carbon fibers: Carbon fibers can be divided into four main types based upon 
polymers (rayon and polyacrylonitrile or PAN), upon pitch, and are vapor-grown 
[11]. Fibers derived from pitch precursors, can be divided into those produced from 
isotropic precursors, and those from mesophase pitch. The former are low    
performance, while the latter are high performance products that can be produced 
with high tensile strength and high modulus [9]. They are suitable for aerospace 
applications due to their high strength-to-weight ratio, high temperature strength 
and low coefficient of thermal expansion. Activated microporous carbon fibers can 
be used as adsorbent for gas and liquid purification or for gas storage. 
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2.4.      Historical Overview of Carbon Materials 
 
Carbon materials, which consist mainly of carbon atoms, have been used since 
prehistoric times in the form of charcoal. Charcoal, from wood, was the primitive 
element for expression or communication as a mural on cave-walls. Figure 2.4 
represents the historical development of carbon materials over several millennia.  
Diamond crystals, which are fascinating not only as jewels but also as the hardest 
known material, were found to consist of carbon atoms, the same atoms as 
lubricating soft graphite, as recently as 1799. Soft graphite has been used for a long 
time as pencil lead and carbon blacks as black ink. Another early use of carbon, as 
coal or charcoal, was in metallurgy, and more particularly in the manufacture of steel 
and bronze [5,6,11].  
 
In fact 1960’s may be thought of as the beginning of the era of new carbons, because 
of the invention of carbon fibers from polyacrylonitrile, pyrolytic carbons and glassy 
carbons [11]. In 1964, the formation of optically anisotropic spheres in pitches 
(mesophase spheres) and their coalescence were demonstrated. Around 1970, carbon 
materials were found to have good biocompatibility and various prostheses, such as 
heart valves and tooth roots, were developed. Around 1980, industrial technology for 
producing isotropic high-density graphites was established, creating applications for 
high-temperature gas-cooled reactors, the synthesis of semiconductor crystals and 
electric discharge machining. 
 
Around 1985, the mixing of a small amount of carbon fibers into cement paste was 
found to result in a pronounced reinforcement of concrete. Today, not only carbon 
fiber reinforced concrete but also carbon fibers themselves are used in the field of 
civil engineering, such as in buildings, bridges and various other constructions. 
Indeed after the 1999 earthquake, carbon fiber reinforcements have been found 
extensive application in Marmara region. 
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              Pre-1880       
     Lamp Black (writing)   
     Charcoals (gunpowder, medicine, deodorants) 
     Natural graphite (writing material)  
      
              1880-1940      
     Activated carbons     
     Carbon blacks    
     Coal coking (coal-tar pitch)   
     Delayed coking    
     Synthetic graphite and diamond  
      
              1940-1999      
     Carbon fibers (PAN)   
     Carbon fibers (pitch-based)   
     Carbon fibers (microporous)   
     Carbon / resin composites   
     Carbon / carbon composites   
     Speciality activated carbons     
     Carbon as a catalyst support   
     Carbon wiskers / filaments   
     Prosthetics    
     Intercalation compounds   
     Graphite / oxide refractories   
     Pyrolytic carbon    
     Glassy carbon    
     Mesocarbon microbeads   
     Diamond films    
     Diamond-like films    
     Elastic carbon      
     Fullerenes    
     Nanotubes    
     Nanorods    
     High thermal conductivity graphite foams    
        
  
Figure 2.4.   A diagram indicating the growth of carbon materials [5]. 
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The discovery and synthesis of buckministerfullerene C60 and the superconductivity 
of its potassium compound K3C60 opened a brand new chapter in carbon materials. 
Large fullerenes, such as C70 and C76, some giant fullerenes, such as C540, multiwall 
fullerenes, single-wall nanotubes and multiwall nanotubes followed. In fact, the 
origins of their discovery are related to advances in radio astronomy, the detection of 
larger molecules in space, and the search for long chain carbon species [2]. 
 
The beginning of the millennium brought out a new generation structural material 
called “High Thermal Conductivity Graphite Foam” whose particular properties are 
required in widening fields of application. 
  
2.5.      An Overview of Carbon Foam Technology 
  
Carbon foams were first developed in the late 60’s [12]. These initial carbon foams 
were obtained by the carbonization of foams of plastic materials, such as phenolic 
resins and polyurethanes. The production of a low density, open celled microcellular 
carbon foam starts up with the application of high pressure, the sample is then 
heated. At a specified temperature, the pressure is released, thus causing the liquid to 
foam as volatile compounds are released. The polymeric precursors are cured and 
then carbonized without an oxidative stabilization step [13,14,15]. These precursors 
produce "glassy" or reticulated vitreous carbon (RVC) foams, which are attractive for 
many aerospace and industrial applications, including thermal insulation, impact 
absorption, acoustic control, catalyst support, and metal and gas filtration. They are 
thermally stable, low in weight and density, and are chemically pure; they have low 
thermal expansion, resist thermal stress and shock, and are relatively inexpensive 
[16].  Figure 2.5 is a photomicrograph of a typical RVC foam.  
 
In the 1970’s, researches focused primarily on producing carbon foams from 
alternative precursors, various processing and precursor changes in an attempt to 
modify properties and reduce cost. 
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Figure 2.5.    Typical RVC foam [12]. 
  
A new generation of carbon foams began in the 90’s as research focused on the 
production of carbon foams from alternative precursors such as pitches and coal. 
Typical processes utilize a blowing technique to produce carbon foam from the pitch 
precursor in which the pitch is melted and passed from a high-pressure region to a 
low-pressure region. Thermodynamically, this produces a "Flash" thereby causing 
the low molecular weight compounds in the pitch to vaporize (the pitch boils), 
resulting in a pitch foam. Then, the pitch foam must be oxidatively stabilized by 
heating in air (or oxygen) for many hours, thereby, cross-linking the structure and 
"setting" the pitch so it does not melt during carbonization [17,18]. This is a time 
consuming step (up to 100 hours) and can be an expensive step depending on the 
particle size and equipment required. Without this oxidative stabilization step, the 
pitch may melt during further heat treatment [18,19].  
 
The "set" or oxidized pitch is then carbonized in an inert atmosphere to temperatures 
as high as 1100ºC. Then, graphitization is performed at temperatures as high as 
3000ºC to produce a high thermal conductivity graphitic structure, resulting in a stiff 
and very thermally conductive foam (see Figure 2.6).  
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Figure 2.6.   Traditional “Blowing” technique [20]. 
 
Related process was developed and patented by the researchers from US Air Force 
Materials Laboratory [21]. Microstructural view of the material produced with this 
technique is shown in Figure 2.7. 
 
Carbon and graphite foams produced according to the related process can be used for 
many applications, including core material to replace aluminum in honeycomb 
panels, composite mandrels or tooling, sound insulation around engine cars and 
support structure for satellite antennas. 
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Figure 2.7.   Photomicrograph of carbon foam [12]. 
 
While using a raw coal or hydrogenated coal, as a precursor for high strength carbon 
foams with excellent thermal insulation properties and high strengths, it is de-ashed 
and its asphaltene fraction is separated by a solvent treatment. The coking of the 
asphaltene fraction under controlled conditions of temperature and pressure results in 
the formation of a carbon foam, which can be subsequently graphitized [22]. The 
production method, developed by a research group at West Virginia University in 
USA, was licensed to Touchstone Research Group under the trade name CFOAM™ 
[23]. 
 
More recently, a breakthrough has come out about carbon foam, which would totally 
change the physical characteristics and application areas of the material. A process 
that does not require the “blowing” and “stabilization” steps was developed at Oak 
Ridge National Laboratory (ORNL) as shown in Figure 2.8. The process is said to be 
less time consuming, and easier to fabricate. As shown in Figure 2.9, the foam 
obtained with this process has an open porosity with highly aligned more ordered 
graphitic structure compared to traditionally produced carbon foams. The process 
was licensed to Poco Graphite under the trade name PocoFoam™ [24].  
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Figure 2.8.   Novel production method of ORNL [20]. 
 
 
 
Figure 2.9.   Photomicrographs of high thermal conductivity graphite foam [25]. 
 
Table 2.1 represents the thermal properties of graphite foam using two different 
commercial mesophase pitches labeled as Mitsubishi AR pitch and Conoco pitch as a 
precursor compared with other materials. Both graphite foams have excellent thermal 
properties (bulk thermal conductivities of up to 190 W/m·K).  
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Table 2.1.   Thermal properties of graphite foam and other materials [20]. 
  
 
Material 
 
Specific 
Gravity 
Thermal 
Conductivity 
Specific 
Conductivity 
//  //  
  [W/m·K]   
[W/m·K] 
[W/m·K]    [W/m·K] 
 
AR Derived Foam D-2800 
  
 
0.56 
 
187          187 
 
334          334 
 
Conoco Derived Foam D-2800 
 
 
0.59 
 
134          134 
 
227          227 
 
Copper 
  
 
8.9 
 
400          400 
 
45            45 
 
Aluminum 6061 
 
 
2.8 
 
180           180 
 
64            64 
 
EWC-300/Epoxy Resin 
  
 
1.72 
 
   109             1 
 
     63             1 
  
K321/AR Pitch Carbon/Carbon 
 
 
1.77 
 
   233            20 
 
    132           11 
 
Amoco SRG 
 
 
1.76 
 
   650            20 
 
    369           11 
 
Aluminum Foam 
 
 
0.5 
 
    12             12 
 
     24            24 
  
Specific Conductivity = Thermal Conductivity/Specific Gravity 
 
Because of the low density, the specific conductivity of the foam is over 5 times that 
of copper and over 4 times that of aluminum. This superior heat transfer capacity 
brings carbon foam to the center of many new applications in addition to existing 
application areas which are future promising such as faster computers and more 
aerodynamic cars. 
 
Mechanical properties of carbon foam and other thermal management materials are 
represented in Table 2.2. The compressive strength of the foam produced from the 
mesophase pitch precursor labeled as Mitsubishi ARA-24, is rather low (1-3 MPa) 
compared to carbon fibers. However, it compares well with some aluminum and 
Kevlarhoneycombs.  
 
When the samples are impregnated with an epoxy resin the compressive strength 
increased by an order of magnitude to 34.3 MPa, and the flexural strength, 19.5 MPa, 
approached that of commercial thermal management panels. Similarly, compressive 
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strengths, 31.6 MPa, and flexural strengths, 19.4 MPa, can be achieved when the 
foam is densified with CVD carbon [20]. 
Table 2.2.   Mechanical properties of foam and other thermal management panels 
                       [20]. 
 
 
Following the developments related to high thermal conductivity carbon foam, foam 
based structures and applications become very popular in research that reflected as 
an increase in number of patents and publications about carbon foam in recent years 
[26-40]. Because of being brittle and fragile the foam is not suitable for some 
structural applications. Several foam core sandwich panels were fabricated by 
laminating the foam with aluminum and copper face sheets approximately 0.5 mm 
thick in order to produce more efficient thermal management materials with 
improved mechanical properties [41]. A typical foam-core composite is shown in 
Figure 2.10. 
 
Also, successful densification with aluminum, carbon, epoxy, and thermoplastic 
resins has been accomplished, demonstrating the use of foam as the reinforcement in 
a composite structure where high thermal conductivity is required, but at a lower cost 
than traditional high conductivity carbon fibers. 
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Figure 2.10.   High thermal conductivity foam-core composite with aluminum face  
                         sheets [20]. 
 
2.6.      Leading Manufacturers of Carbon Foam 
 
2.6.1.   Oak Ridge National Laboratory Alliance 
 
Oak Ridge National Laboratory (ORNL) is a multiprogram science and technology 
laboratory managed for the U.S. Department of Energy. Scientists and engineers at 
ORNL conduct basic and applied research and development to create scientific 
knowledge and technological solutions that strengthen the nation's leadership in key 
areas of science; increase the availability of clean, abundant energy; restore and 
protect the environment; and contribute to national security [42]. ORNL also 
performs other work for the U.S. Department of Energy, including isotope 
production, information management, and technical program management, and 
provides research and technical assistance to other organizations. 
 
Major research areas are listed: 
 Neutron Sciences 
 Chemical & Radiochemical Technology 
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 Complex Biological Systems 
 Energy Sciences 
 Engineering Sciences and Robotics 
 Environmental Sciences 
 High Performance Computing 
 Material Sciences 
 Measurement Sciences 
 Physical and Chemical Sciences 
 Simulation Sciences 
The Carbon Materials Technology Group of ORNL is actively involved in the 
development of carbon-based materials for high technology applications in the 
nuclear (both fission and fusion) and aerospace industries. About carbon foam, 
currently, there is more than 2.3M$ in funding more than 11 programs at ORNL.  
 
The researches related to carbon foam range from basic science investigations to 
power electronics cooling and fuel cell interconnects, evaporative cooling for 
electronics and aircraft leading edges, radiators for vehicles, nuclear reactor cores 
with no moving parts, brake and clutch cooling, microclimate cooling for personnel, 
and hydrogen storage substrates. 
 
2.6.2.   Poco Graphite Inc. 
 
Poco Graphite is an American company owned by an investment group led by SG 
Capital Partners and Whitney & Co. Poco products are produced for the following 
major markets: Semiconductor and general industrial products, biomedical, glass 
industry products and electrical discharge machining (EDM). Poco manufactures a 
variety of specialty graphite materials that are routinely used in a wide range of 
highly technical and industrial applications [43]: 
 
Fuel Cell Industry: Poco produces a variety of graphite materials that can be used for 
bipolar plates. Plates are machined to customer specifications.  
  
Optics Engineering: Poco uses a proprietary conversion process to produce silicon 
carbide mirror substrates from machined graphite parts. Parts are produced to 
customer specifications. 
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Biomedical: Poco produces several materials suitable for use in the human body as 
implants or treatment devices.  
 
Medical Devices: Graphite materials are ideal for mechanical parts for high 
temperature and high wear applications. Porous materials are often used for graphite 
filters. 
 
Vacuum Furnace Industry: Various graphite parts, fixturing and heating elements for 
retrofit or custom designed furnaces. 
 
Aerospace Industry: Graphites and silicon carbides parts have been used extensively 
for aircraft and spacecraft components.   
 
Poco Graphite is the licensed manufacturer of thermally conductive graphite foam 
developed by Oak Ridge National Laboratory. This graphite foam has an open 
microcellular structure that makes it much lighter than other materials used in 
thermal management systems. This foam is so efficient at heat transfer that it may be 
possible to reduce the size of some devices. The properties of high thermal 
conductivity graphite foams developed by Oak Ridge National Laboratory, licensed 
by Poco Graphite, Inc. are shown at Table 2.3. 
 
It is expected that the development of this unique, new material will lead to new 
thermal management systems that will be radically different from traditional systems. 
They will be lighter, smaller and have a different shape, which will also change how 
these systems are used. Research is being conducted on laminates for composite 
materials, coatings and infiltrations, bonding issues and machining techniques. The 
final result will be a number of enhancements to make the graphite foam technology 
accessible for many product applications. 
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Table 2.3.   Typical properties of high thermal conductivity graphite foams 
                            developed  by Oak Ridge National Laboratory, licensed by Poco   
                            Graphite Inc.[24]. 
  
 ORNL Foam   
PHYSICAL PROPERTIES   
Density 0.25 – 0.65  g/cm3 
Porosity 0.71 – 0.89   
Fraction Open Porosity 0.98   
Coefficient of Thermal Expansion 2  ppm/°C 
Max. Operating Temperature in Air 500  °C 
MECHANICAL PROPERTIES    
Tensile Strength 0.7 – 1.6  MPa 
Compressive Strength 1 – 5  MPa 
Compressive Modulus 0.08 – 0.144  GPa 
THERMAL PROPERTIES    
Bulk Thermal Diffusivity up to 4.53 cm
2
 /s  
Bulk Thermal Conductivity      up to 175  W/m·K 
Specific Heat Capacity 691  J/Kg·K 
Bulk Specific Thermal Conductivity 1.2 – 3134 (W/m·K)/(g/cm3) 
 
2.6.3.   Materials and Electrochemical Research Corporation 
 
Materials and Electrochemical Research (MER) Corporation is devoted to high 
technology materials and electrochemical research and development with emphasis 
on advanced composites, powders, coatings and fullerenes as well as energy 
conversion systems that include batteries, fuel cells, and gas storage. MER's primary 
core technologies consist of [44]: 
 
 Composites; metal & ceramic matrix & carbon-carbon 
 Advanced powders; small size spherical and nanoparticles 
 Electrochemical systems; batteries & fuel cell 
 Fullerenes & fullerene products 
 Coatings for parts & fibers & coating systems 
 Reinforcements; ceramic fibers & coated fibers 
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Carbon/Graphite foams at MER Corporation can be made from a variety of precursor 
materials.  The precursor and the foaming methodology determine the properties of 
the foam. MER produces carbon-based foams from several precursors, including 
pitches.  
 
MER is a licensee of the US Air Force, “Process for Preparing Pitch Foams and 
Products So Produced,” a process that produces graphite foam. Carbon/graphite 
foams can be produced to net shapes in densities of 0.016 to 0.8 g/cm³ and with face 
sheets of carbon-carbon composites, polymer matrix composites, or metals/metal 
matrix composites. Some typical foam properties are given in Table 2.4. 
 
2.6.4.   Wright U.S. Air Force Laboratory Alliance 
 
Air Force Research Laboratory (AFRL), with headquarters at Wright-Patterson Air 
Force Base, Ohio, was created in October 1997. The laboratory was formed through 
the consolidation of four former Air Force laboratories and the Air Force Office of 
Scientific Research [21]. 
 
AFRL is a full-spectrum laboratory, responsible for planning and executing the Air 
Force's entire science and technology budget, basic research, applied research and 
advanced technology development. The researchers developed the technology in 
their search for ways to exploit the extraordinary properties of aligned graphitic 
crystallites in carbon; the search was part of an investigation into new easy to 
manufacture composite reinforcements. The initial work led to a material called 
carbonaceous mesophase pitch, which is the precursor for most carbon fibers. The 
researchers found that when the pitch is foamed to have an open-celled structure (75-
95%), developed ligament like configurations containing the required aligned 
graphitic crystallites forms. 
 
Direct net-shape molding of graphitic foam could eliminate time consuming hand 
lay-up steps required with continuous fibers. As a replacement for graphitic 
honeycomb core material, the graphitic foam can be molded to net shape directly into 
the face-sheet fabric for integral bonding and efficient co-curing. The process does 
not require separate adhesive bonding and molding steps. 
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Table 2.4.   Typical properties of carbon foams produced by MER Corporation 
                         [45,46]. 
 
Property Ranges for Pitch Based Foams 
  
Pore 
Information 
  
Foam 
Type 
 
 
Density 
 (g/cm³) 
 
Pores 
per 
Inch 
(ppi) 
Approx. 
Pore Size 
(µm) 
 
Compressive 
Strength  
(MPa) 
Modulus  
(GPa) 
Thermal 
Conductivity 
(W/m·K) 
 
Price 
(USD
$ per 
each) 
 
Very 
Low 
Density 
(VLD) 
0.016 20 1270 1.7-4.5 0.08-0.18 0.05-5 (*) 
Low 
Density 
(LD) 
0.16 200 127 0.7-1.1 0.25-0.85 0.1-50 300 
Medium 
Density 
(MD) 
0.32  400 63.5 1.2-2.0 0.72-3.5 0.5-150 400 
High 
Density 
(HD) 
0.42  520 48 2.0-5.0 2.0-5.0 1-180 500 
Very 
High 
Density 
(VHD) 
0.62  600 30-40 4.5-7.0 3.0-7.0 3-210 800 
 
(*)  Due to the technical difficulty, MER is no longer manufacturing very low-density foam. The prices 
of approximate quotation for each density are listed as above. This quote is based on a dimension of  
approximately 9"x 6"x 1". 
 
2.6.5.   Touchstone Research Laboratory 
 
Touchstone Research Laboratory Ltd. is considered one of the leading materials 
testing, industrial problem solving and applied research companies in North 
America. In recent years, Touchstone has been recognized as one of the most 
innovative, successful, and fastest-growing private companies in the United States 
[47]. 
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The researchers in Touchstone Research Laboratory developed a revolutionary new 
structural coal-based material, CFOAM™, with tailorable properties, which is 
inexpensive, lightweight, fire-resistant, impact absorbing, can be thermally insulating 
or conducting, and whose electrical conductivity can be varied over seven orders of 
magnitude. Touchstone's versatile next generation carbon foam material enables 
unique solutions to satisfy a wide range of aerospace, defense and commercial 
market needs. Typical mechanical properties for CFOAM™ material having a 
density of around 0.4 to 0.5 g/cm³ include [23]:  
 Compressive strength of 15 to 20 MPa 
 Compressive modulus of around 550 MPa 
 Tensile strength of 2.0 to 7.0 MPa 
 Tensile modulus of 689 to 1,379 MPa 
 Shear strength of 2.0 MPa 
CFOAM™ is supplied in the calcined or carbonized form. That is, it has been heat 
treated at a temperature sufficient to remove the majority of the volatile matter and 
make the material resist ignition, but not sufficient to develop graphitic order. When 
heat treated to a very high temperature to develop graphitic order within the foam, 
thermal conductivity increases greatly as shown in Table 2.5 for low and high 
density products. 
 
Table 2.5.   Thermal properties of low- and high-density carbon foam produced by 
                      Touchstone [23]. 
 
 
Density 
 
(g/cm
3
) 
 
 
Heat Treatment 
Temperature 
(ºC) 
 
Thermal 
Diffusivity 
(cm
2
/s) 
 
Thermal 
Conductivity 
(W/m·K) 
 
Avg. Coeff.of 
Thermal 
Expansion 
(20-400ºC) 
(ppm/ºC) 
 
 
0.16 
 
1000 
 
0.028 
 
0.40 
 
6.23 
 
0.16 
 
2700 
 
0.679 
 
 
13.90 
 
6.28 
 
0.4 
 
1000 
 
0.028 
 
0.80 
 
6.23 
 
 
0.4 
 
2700 
 
0.541 
 
17.50 
 
6.27 
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2.7.      Emerging Technological Trends of Carbon Foam 
 
Carbon foam is a next generation structural material with the characteristics 
including: 
 
 Product forms; carbon foam is manufactured both as panels of various 
thickness and as foamed-to-shape parts as shown in Figure 2.11. 
 
 
Figure 2.11.   Machined carbon foam disk and machined joint [41]. 
 
 Fire resistance; after heat treatment, the foam generally does not contain a 
sufficient amount of volatile material to support combustion [23]. 
 
 Low weight; lightweight material having a density of around 0.2 to 0.6 g/cm³ 
[27]. 
 
 Thermal conductivity; low-temperature heat treatment versions of the 
material have thermal conductivities between 1.0-10 W/m·K. When 
graphitized, conductivity increases up to 180 W/m·K [24].  
 
 Thermal expansion; the foam has an extremely low coefficient of thermal 
expansion (typically from 0.5 and 6.5 ppm / ºC), which can be tailored [23]. 
 
 Thermal stability; the material can be used in air to a temperature of about 
540ºC, and in an inert environment it can be used up to 3000ºC [23].  
 
 Joining; the foam can be joined by means of pitch bonding and heat treatment 
or, more simply, using low-temperature cure graphite-phenolic adhesives, 
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allowing the use of carbon-foam building blocks to create larger or more 
intricate structures, as well as repair to damaged structures. 
 
 Formability; it can be foamed to virtually at any shape. 
 
 Impact absorption; the foam outperforms conventional polymer foams in 
mechanical properties and impact resistance. 
 
 Design flexibility; properties can be readily engineered to meet different 
requirements, such as density, cell size and cell connectivity, and its 
mechanical properties can be varied over a broad range. For instance, it is 
possible to control the pore size, thermal conductivity and mechanical 
properties of the foam by adding chopped fibers and particulates to the 
precursor [48]. 
 
 Machinability; the foam is easily worked with most woodworking tools or 
machining equipment. Conventional machining practices can be employed to 
produce intricate shapes and tight tolerances, using carbide tooling and dust 
removal systems (see Figure 2.12). 
  
 
 
Figure 2.12.   Lightweight space mirrors support being machined on Touchstone's  
                          5 ft by 9 ft three-dimensional router [41]. 
                   
 Finishing; the material can be integrated with other materials, such as 
lamination with fiber reinforced face sheets, impregnation with resins or 
metals, thermal spraying with fiber metals or ceramics and aluminum 
coatings. A kind of a typical lamination is shown in Figure 2.13. 
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Figure 2.13.   Lamination with reinforced vinyl ester face sheets [23]. 
Potential industrial applications of carbon foam are listed in Table 2.6. The use of 
carbon foams, as an alternative to current materials is very attractive from the 
standpoint of reducing weight, volume, while improving heat transfer efficiencies. 
Combustion resistance is one of the key attractions of the material for use in military 
and commercial applications; the material will not support ignition. 
 
Its strength and weight properties and its possibilities as a fire-protection material 
could lead to incorporation of the carbon foam in ships where on-board fires always 
are a concern, in aircraft and in space applications where weight problems always 
exist. The unique combination of material properties also result in excellent acoustic 
absorption, yielding a material which can be used for thermal, electromagnetic, and 
acoustic signature management. 
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Table 2.6.   Potential industrial applications of carbon foam [23,49]. 
 
2.7.1.   Faster computers through carbon foam 
 
One of the primary applications carbon foam will have is as heat sinks for processor 
chips and other electronic devices. Current computer chips, which have power 
densities up to 25 W/cm
2
, can be cooled effectively using aluminum and copper heat 
sinks. However, future high performance computer chips are expected to have power 
densities up to 50 to 200 W/cm
2
. Unless it is effectively cooled, the chip will 
generate enough heat to cause impurities intentionally incorporated in the silicon 
POTENTIAL MARKETS  
POTENTIAL APPLICATIONS OF CARBON 
FOAM 
Aerospace & Defense • Optical benches and lightweight mirrors 
• Thruster nozzles 
• Thermal protection systems 
• Heat transfer systems 
• Cooling of high-temperature missile and engine 
   components 
• Lightweight antennas 
• Joiner bulkheads 
• Jet blast deflectors 
• Stealthy materials 
• Lightweight armor  
• Satellite structure 
 
Commercial 
 
• Composite tooling 
• Abrasive tools 
• Battery & fuel cell electrodes  
• Automobile crush zone capsules 
• Engine components 
• Catalytic converters 
• Heat exchangers 
• Heat sinks 
• Improved radiators and brakes for vehicles 
• More efficient cooling of electronics  
• Energy absorbing crash barriers 
• Higher power, more stable phased-array radars 
• Structural insulated panels 
• Insulation and acoustic 
• Fire doors and blocks 
• Bone surgery material 
• Tooth implants 
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transistors to diffuse out, rendering the chip non functional or even melt it [50]. In 
order to test the ability of the graphite foam to transfer heat, the foam was machined 
into a finned heat sink replacing a standard aluminum heat sink from a Pentium 133 
microprocessor as shown in Figure 2.14. 
 
 
 
Figure 2.14.   Finned foam heat sink running in Pentium 133 computer [51]. 
 
First, a 10W heater (for approximate output to a Pentium processor) was placed 
beneath a 5.08 cm x 5.08 cm x 0.32 cm aluminum plate and placed at 90% output. 
The equilibrium temperature of the center of the aluminum plate was 76°C. The 
standard aluminum heat sink from the Pentium 133 computer was placed on the 
aluminum plate and air was passed over it. The equilibrium temperature of the 
aluminum plate reached 37°C after 5 minutes. When the finned foam heat sink was 
placed on the heater (after 76°C equilibrium was attained), the equilibrium 
temperature of the aluminum plate was 33°C (with the same airflow).  
 
Since the mass of the foam heat sink was significantly lower than the aluminum (8 g 
vs. 44 g), this was an important achievement. The foam is more efficient because the 
exposed surface area (due to the structure of the porosity) is larger than the 
aluminum heat sink. After this, the fins were machined off the finned foam heat sink 
and the test repeated. Remarkably, the temperature of the aluminum plate 
equilibrated at 39°C. A significant achievement since the thin foam sink weighed 
only 4 grams (compared to 44 g for the aluminum heat sink).  
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In Figure 2.15 and Figure 2.16 the heat sinks and the schematic presentation of the 
tests done are shown respectively. 
  
 
 
Figure 2.15.   A typical aluminum heat sink and foam heat sink [20]. 
 
 
 
Figure 2.16.   Schematic representation of heat sinks used in several tests [20]. 
 
Another demonstration of the cooling mechanism of a computer using a graphite 
foam disk, for immersion cooling (evaporative cooling), that can effectively carry 
away the heat dissipated by chips having higher power densities is shown in Figure 
2.17. It is called as the “flip-chip” design [52].  
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In this design, the silicon chip is inverted with the smooth back of the printed chip 
oriented towards the top of the package. A heat spreader is attached directly to the 
silicon chip and immersed in an evaporative cooling fluid. 
 
The latent heat of vaporization removes significantly more heat than the sensible heat 
change of the fluid and transfers it very efficiently to the fins of the heat sink. The 
limitations of this design are the surface area and thermal conductivity of the 
spreader mounted to the back of the chip. Current state-of-the-art spreaders are 
polycrystalline diamond wafers with thermal conductivities up to 1600 W/m·K 
(more than 4 times that of copper). However, as a result of the limited surface area of 
the diamond spreader, the maximum power density achieved without overheating the 
system was 28 W/cm². When the diamond spreader was replaced with graphite foam, 
a power density of 100 W/cm² was attained. 
  
 
Figure 2.17.   Schematic view of an evaporatively cooled computer chip [52]. 
 
To sum up, the graphite foam has unusually good heat transfer capabilities, promises 
to be safer than spray cooling and more effective than diamond spreaders on inverted 
silicon chips. Graphite foam should make the heat sink smaller and, in some cases, 
remove the need for a fan. This immediately opens up the use of higher performance 
processors in space-critical applications such as laptops. 
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2.7.2.   Heat exchangers  
 
The combination of open porosity that results in large specific surface area and high 
thermal conductivity achieved with the graphite foam allows for the improvement of 
heat exchangers. The use of graphite foam may lead to extremely efficient and 
lightweight heat exchangers. It has been shown that by utilizing the foam as the fins 
of a radiator, the same heat can be dissipated in a significantly smaller package [53]. 
That is, radiators designed with the carbon foam exhibit an increase in heat transfer 
coefficients. Higher heat transfer coefficients should lead to significant reductions in 
the number of tubes (i.e. reduction in surface area) needed for similar heat transfer. 
For example, a typical automotive radiator that is 48 cm x 69 cm might be reduced to 
20 cm x 20 cm in cross section with the same heat removal rate. Such a reduced size 
will reduce overall weight, cost, and volume of the system, thereby improving fuel 
efficiency. On top of this it will offer the stylists more flexibility in the design of the 
front end of cars as the smaller radiator will have less impact on the frontal cross 
section. While improving aerodynamics and fuel efficiency, graphite foams also 
increase the load carrying capacity of heavy vehicles [53,54]. A demonstration of a 
radiator used in racing cars is shown in Figure 2.18. 
 
 
 
 
Figure 2.18.   Prototype radiator demonstrated [20]. 
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2.7.3.   Improved performance in racing cars 
 
The impressive performance of the graphite foam has already been tested in racing 
car components by the researchers of Oak Ridge National Laboratory and University 
of Michigan. The main problem is that the overheating in racing cars causes the oil to 
become over pressurized and leak out, resulting in poor performance [55]. In order to 
overcome this problem, the researchers decided to bond graphite foam to the outside 
of the differential in a doughnut pattern as shown in Figure 2.19. While doing this 
they expected that the foam would benefit the differential by improving heat removal 
from the surface, thereby reducing internal temperatures and oil pressures. 
 
 
(a) 
 
           
(b) (c) 
 
Figure 2.19.   A view of a racing car (a), its mechanical components (b) and the 
               carbon foam block bonded to outside of differential (c) [55]. 
 
After the foam was bonded outside of the differential the car was tested to examine 
its effectiveness. Finally, the foam dramatically improved heat transfer from the 
surfaces. Oil pressures were reduced, increasing the speed, endurance and fuel 
efficiency of the car.  
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The results reported were impressive [55]: 
 
 The foam lowered the differential temperature by at least 36ºC. (The total 
temperature drop varied depending on the type of track and the ambient 
temperature.) 
 
    It lowered the rear brake disc temperature by approximately 9-18ºC (The air for 
the rear brake passes over the differential faster. Because the differential was 
cooler, the air supplied to the brakes was cooler, reducing the temperature of the 
rear brakes.) 
 
 The improved heat transfer eliminated downtime due to overheating of the rear 
end. 
  
2.7.4.   Acoustic and electromagnetic absorption 
 
The unique features of the graphite foam result in a lightweight thermal management 
material that is both an excellent thermal conductor and an excellent acoustic 
absorber. Acoustic absorption characteristics of a graphite foam is shown in Figure 
2.20. Graphitized carbon foams exhibit excellent acoustic absorption coefficients. 
These foams performed up to 20% better than open cell Pyrell Foam (typically used 
in anechoic chambers) at all frequencies tested [52].  
 
The combination of properties permits the development of novel ideas in which the 
graphite foam can be used to manage thermal signatures while also reducing acoustic 
signatures. More importantly, the high electrical conductivity of the graphite foam 
makes the foam an excellent electromagnetic shield, which is critical to protect 
important electronics. Hence, the graphite foam provides a unique opportunity to 
target many needs of thermal, acoustic, and electromagnetic management with a 
single material. 
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Figure 2.20.   Acoustic absorption characteristics of graphite foam [52]. 
 
2.7.5.   Cleaner environment with carbon foam 
 
Carbonized foams can be used in filters in catalytic converters (see Figure 2.21). 
Filters with carbon foam provide better performance and longer life in high 
temperature operation than other filters, making them ideal for use in internal 
combustion engines.  
  
 
 
Figure 2.21.   Carbon foam as a biofilter [56]. 
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By infiltrating the ligaments of carbon foam with a ceramic or metal, it is possible to 
control the properties of the resulting material, optimizing such factors as 
permeability, stiffness, strength, weight, thermal conductivity, and surface area. Such 
flexibility makes for a versatile product; depending on what materials are deposited 
on the foam, developing technologies can be used for such applications as thermal 
insulation, engine components, catalytic converters, filters for both gases and 
particulates, and mufflers [56]. 
 
2.7.6.   Graphite foam for protective cooling 
 
A personal cooling system (see Figure 2.22), which uses high thermal conductivity 
graphite foam, could provide fighter pilots, racing car drivers and firefighters with a 
breath of fresh air. Instead of simply cooling the skin through a uniform, the main 
approach would remove heat from the body’s surface and provide cooled air to 
breathe [57].   
 
 
                              (a) (b) 
 
Figure 2.22.   A foam/thermoelectric cooler (a) integrating with the suits (b) [52,58]. 
 
The system will initially be developed for fighter pilots and the first efforts are 
centering on developing a system specifically designed to provide personal cooling 
for Navy pilots. The main tasks will involve refining a battery system so it will be 
more efficient, lightweight and compact, and integrating the system with the flight 
suit and helmet. A typical personal cooling device removes excess body heat by 
efficiently coupling lungs/blood to an individual foam/thermoelectric cooler.  
 
   
37 
 
 
 
 
 
3.         EXPERIMENTAL PROCEDURE 
 
In this section, experimental techniques for making carbon foam, its further 
processing and characterization stages will be discussed. Carbon foam is produced in 
a high-pressure autoclave using a pitch precursor. The foam produced goes under the 
stages of stabilization and carbonization in a temperature programmed furnace. A 
basic flow diagram of the process is shown in Figure 3.1. Finally, carbon foams 
produced with this technique are examined with stereo light microscopy, scanning 
electron microscopy (SEM) and mercury porosimetry. In addition, compressive 
strength values of the carbon foams are measured. 
 
 
Introducing pitch in a mold 
 
 
 
 
Foaming step   f(T,P,t) 
 
 
 
 
 
Stabilization 
 
 
 
 
 
 
 
 
Figure 3.1.   Flow diagram of the process for making carbon foam. 
 
 
 
 
Carbonization 
 
   
38 
3.1.      Raw Material 
 
In order to produce carbon foams with high stiffness and high conductivity, a pitch 
based precursor has to be used. This precursor forms a highly aligned graphitizable 
structure, which is a requirement for high conductivity [19]. Mesophase pitch, 
meaning liquid crystal state pitch, is considered to be an important precursor for high 
performance carbon foams. In this study, a naphthalene based synthetic mesophase 
pitch from Mitsubishi Gas Chemical Company Inc., labeled Mitsubishi AR, was used 
to produce carbon foam. 
 
Mitsubishi Gas Chemical Company employs a synthesis technology based on 
polymerization of naphthalene and/or alkyl-naphthalene using an acid catalyst shown 
in Figure 3.2 below. Typical properties of AR pitch as reported by the firm are listed 
in Table 3.1 [60]. 
 
 
 
Figure 3.2.   Manufacturing process of Mitsubishi AR mesophase pitch [59]. 
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Table 3.1.   Typical properties of AR pitch [60]. 
  
Physical Properties  
 
Appearance 
Bulk Density (g/cm³) 
Specific Gravity (25ºC) 
Specific Heat (cal/g ·ºC) 
Softening Point (ºC) 
Mesophase Content (%) 
Hydrogen/Carbon (atom/atom) 
Flash Point (ºC) 
Ash (ppm) 
 
 
Black pellets (25ºC) 
0.70 ± 0.3  ;  pass: 0.69 
1.23 
0.65 
285 ± 5  ;  pass: 282.9 
100 
0.58-0.64 
> 300 
< 20 
Solubility (%)  
 
Water Soluble 
Benzene Soluble 
Pyridine Insoluble 
 
 
0 
35-44 
40-50 
Coking Value (%) at 1 hr, 600ºC  
 
1 atm 
30 atm 
 
 
80-85 
90-95 
Toxicological Information  
 
Acute Oral LD60 (rat) 
Skin Irritation 
Mutagenicity (Salmonella) 
Mutagenicity (E.coli) 
 
 
> 5000 mg/kg 
slightly irritating 
negative 
negative 
 
When using mesophase pitch as a precursor for making advanced carbon materials 
and carbon/carbon composites, the viscosity of the mesophase is a very important 
factor. If the viscosity is too high, the mesophase pitch does not impregnate well into 
carbon foam preform. The mesophase pitch flows in a liquid state above its softening 
point, maintaining the molecular ordering in a certain temperature range. Viscosity of 
the mesophase pitch is dependent on temperature and shear [59,61].  
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The viscosity curve of AR pitch, which is shown in Figure 3.3, is well in the 
processing window as shown in Figure 3.4. AR seems to be a suitable mesophase 
pitch for the production process. 
 
 
 
Figure 3.3.   Variation of viscosity as a function of temperature [59]. 
    
  
 
   
 Figure 3.4.   Evaluation of AR pitch by the processing window [59]. 
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3.2.      Foaming Stage 
 
Pitch pellets shown in Figure 3.5, were placed in a mold suitable for the desired final 
shape of the foam. The mold samples used in the experiments are shown in Figure 
3.6. The reason for the choice of aluminum mold is that the molten pitch does not 
wet the aluminum and thus, it will not stick to the mold [13]. 
  
 
 
Figure 3.5.   Mitsubishi AR pitch in the form of pellets. 
 
 
 
Figure 3.6.   Aluminum mold samples. 
 
The mold is placed in a high-pressure autoclave and vacuum is applied. Then, the 
pitch is heated to a temperature approximately 10-40ºC above the softening point. 
This is performed at a heating rate not greater than 5ºC/min. [19] and preferably 
about 2ºC/min. in this study. For the case of Mitsubishi AR mesophase pitch 300ºC 
was used in all experiments and at least 15 minutes of soak time was applied at final 
temperature. 
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Following this point, an inert gas (nitrogen, argon, helium etc.) under pressure is 
introduced into the autoclave [18]. In this case, nitrogen was pressurized to 38, 58, 
68, 78 bar in order to determine the effect of operating pressure. The sample is held 
under pressure at final temperature for about 10-40 minutes to achieve an assured 
soak [18], for this study 20 minutes was selected. 
 
Gas evolved as a result of devolatilization is dissolved at high temperature, where 
dissolution kinetics is high, and the pitch is liquid state due to melting. Gas 
dissolution lowers the viscosity and essentially melting is completed [62]. Then, the 
pressure is vented down to atmospheric pressure. The pressure inside the autoclave 
can be released rapidly at about 3-5 seconds or longer [19,63]. When the pressure is 
rapidly decreased, the gas expands to form bubbles, and further expands to break 
these bubbles thus forming an open cell structure [18]. In this case, the pressure was 
released in 5, 80, 190, 600 sec. in order to investigate the effect of pressure release 
time on the production process. Then the resulting foam sample was allowed to cool 
down to room temperature in the autoclave. The high-pressure autoclave where the 
foaming step took place is shown in Figure 3.7 below. 
 
 
 
Figure 3.7.   High-pressure autoclave. 
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3.3.      Stabilization Stage 
 
Stabilization is the process, which makes the surface layer infusible so that the 
porous structure of the pitch foam is maintained in the subsequent heat treatments of 
carbonization and graphitization. Without stabilization, the pitch may melt when it is 
heated. In this case, stabilization of the foams was carried out by subjecting the 
porous foam to an air atmosphere in a temperature-programmed furnace, which is 
shown below. 
 
 
   
Figure 3.8.   The temperature-programmed furnace where the stabilization and 
                           carbonization processes were performed. 
 
Preferably, a stream of gas is used, so that in addition to surface oxidation the 
products of the reaction are also removed. The rate of flow of oxidizing gas should 
be sufficient to give surface oxidation as well as removing volatile products. It may 
vary in the range of 50-200 l/hr. Preferably the oxidation temperature is increased 
gradually, and the rate of increase should be sufficiently slow to permit of a complete 
treatment [17]. In Table 3.2, thermal conditions used for stabilization process in this 
study are given. 
 
 
 
 
 
   
44 
Table 3.2.   Thermal conditions used for the stabilization process. 
 
 
Temperature (ºC) 
 
 
Heating rate (ºC/min.) 
 
Soaking time (hr.) 
 
 
185 
 
 
1.0 
 
 
5 
 
 
275 
 
 
0.5 
 
5 
 
310 
 
 
0.12 
 
2.5 
 
In general the process lasts for about 8 to 24 hours and sometimes for up to 100 
hours [18]. Data presented in Figure 3.9 shows the main advantage of using 
Mitsubishi AR mesophase pitch as a raw material over petroleum based pitch in the 
production of carbon fiber. The high reactivity of this pitch to oxygen can shorten the 
stabilization process dramatically.  
  
 
Figure 3.9.   Change of tensile strength versus oxidation time [59]. 
 
The resulting, stabilized porous foam is cooled to room temperature at a cooling rate 
of about 0.1-5.0ºC/min. [18]. In this study, cooling rate was taken as 0.8ºC/min. to 
prevent thermal stresses in the foam.  
 
In order to examine the stabilized foam samples carbonization was not performed 
just after stabilization. It has been discovered that keeping the resulting foam 
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material warm, between 60-120ºC until carbonization is important in order to prevent 
cracking of the foam material [64]. For this reason, the produced foams were placed 
in a vacuum oven at 90ºC as shown in Figure 3.10. 
 
 
 
Figure 3.10.   The vacuum oven where the foam samples were kept. 
  
3.4.      Carbonization Stage 
 
The next step in the process is carbonization. The carbonization of the foams is 
carried out by gradual heating under an inert atmosphere to a temperature of the 
order of 1000ºC. During the carbonization the hydrogen and oxygen in the molecular 
structure has been driven off, so that the carbonized product contains at least 98% 
carbon.  
 
Non-oxidizing gases such as nitrogen, argon, hydrogen or helium may be used in the 
form of stream of gas, which removes the volatile products of the carbonization. The 
rate of flow of inert gas is reported to be between 5-150 l/hr [17]. In this case, it was 
selected as 0.5 l/min.   
 
It is particularly important to control the rise in temperature, avoiding a rapid 
evolution of volatile products, which could cause cracks in the foam. On the other 
hand, slow temperature rise produces orientation of the crystallites and increases the 
mechanical strength of the carbon foam [17].  
   
46 
The thermal conditions determined for carbonization process in this case, are shown 
in Table 3.3. The resulting carbon foam samples were cooled to room temperature at 
a cooling rate of about 0.8ºC/min., so as to prevent thermal stresses in the foam. 
 
Table 3.3.   Thermal conditions used for the carbonization process. 
 
 
Temperature (ºC) 
 
 
Heating rate (ºC/min.) 
 
Soaking time (hr.) 
 
 
310 
 
 
1.0 
 
1 
 
700 
 
 
0.5 
 
1 
 
1050 
 
 
0.5 
 
2.5 
 
3.5.      Characterization of the Carbon Foams 
 
3.5.1.   Stereo light microscopy 
 
One of the tools to characterize surface formation is stereo light microscopy, 
generally used at magnifications between 2X and 110X (see Figure 3.11) 
  
 
 
 
 
 
Figure 3.11.   Stereo light microscope. 
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3.5.2.   Scanning electron microscopy 
 
Scanning electron microscopy (SEM) examines structure by bombarding the 
specimen with a scanning beam of electrons and then collecting slow moving 
secondary electrons that the specimen generates.  
 
The beam is scanned over the specimen in a series of lines and frames called a raster, 
just like the (much weaker) electron beam in an ordinary television. The raster 
movement is accomplished by means of small coils of wire carrying the controlling 
current (the scan coils). Rastering the beam on the surface provides an elemental map 
of the surface [5]. Specimen preparation includes drying the sample and making it 
conductive to electricity, if it is not already. Photographs are taken at a very slow rate 
of scan in order to capture greater resolution. SEM is used to observe the 
morphology and surface of the materials.  
 
The carbon foam samples were characterized with JEOL JSM-840 Scanning Electron 
Microscope. A schematic drawing and a general view of the equipment are shown in 
Figure 3.12. 
 
3.5.3.   Mercury porosimetry 
 
Mercury porosimetry is widely used to characterize the pore structure of carbon 
foam. It is a relatively rapid method, which determines a wide pore diameter range       
(0.003µm–360µm) and variety of porosity parameters. In mercury porosimetry, gas 
is evacuated from the sample cell, and mercury is then transferred into the sample 
cell under vacuum and pressure is applied to force mercury into the sample. Porosity 
analysis of the carbon foam samples was performed on Micromeritics Autopore 9220 
Mercury porosimeter. A general view of the porosimetry equipment is shown in 
Figure 3.13. 
 
During measurement, applied pressure P and intruded volume of mercury, V, are 
registered. As a result of analysis, an intrusion-extrusion curve is obtained. The data 
produced can be used to calculate numerous sample characteristics such as pore size 
distributions, total pore volume, total pore surface area, median pore diameter, and 
sample densities (bulk and skeletal). 
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
Figure 3.12.   Schematic drawing (a) and (b) a view of a scanning electron 
                                microscope with secondary electrons forming the images on   
                                the TV screen [65]. 
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Figure 3.13.   Mercury porosimetry equipment. 
   
On the basis of the skeletal density and the bulk density, the total pore volume of a 
material can be calculated. The apparent density, also known as the bulk density, is 
defined as the mass of a unit volume of the material including its pore system. The 
skeletal density, i.e. the structural or solid density, is defined as the mass of a unit 
volume of the solid, inaccessible to mercury.  
 
Total porosity value is determined as follows where ρ(s) is the skeletal density (g/m³) 
and ρ(b) is the bulk density (g/m³) of the foam material [66]:  
 
       100)()(1%  sbPorosity      (3.1)                                              
 
 
3.5.4.   Compression test 
 
Compression test is the method for determining behavior of materials under crushing 
loads. Specimen is compressed, and deformation at various loads is recorded. 
Compressive strength is the maximum stress a material can sustain under crush 
loading and is calculated by dividing the maximum load by the original cross 
sectional area of a specimen in a compression test. 
 
Compression test was performed to characterize the strength of carbon foam; using 
Instron 1195 test equipment (see Figure 3.14). Figure 3.15 represents the carbon 
foam samples at compression test. 
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Figure 3.14.   Instron 1195 test equipment. 
  
 
 
Figure 3.15.   Carbon foam samples at compression test [20]. 
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4.         RESULTS AND DISCUSSIONS 
 
In this study, effects of the process parameters operating pressure and pressure 
release time on carbon foam production are investigated. The effects are evaluated 
with respect to densities, pore structures and mechanical properties. 
   
4.1.      Effect of Pressure on Properties of Carbon Foam 
 
4.1.1.   Physical characteristics 
 
In these set of experiments, cylindrical shaped carbon foams were produced at 
different operating pressures of 38, 58, 68 and 78 bar at constant temperature (300ºC) 
and rapid pressure release time of 5 sec. (see Figure 4.1).  
 
Stereo light microscopy images of the carbon foam samples for two different 
magnifications are shown in Figure 4.2. Porous structure of the foam material can be 
observed under microscope. At 38 bar pressure, the cells are not well shaped, thus 
the structure is not uniform. As the pressure increased the cells take a regular shape 
and a more uniform structure is observed.  
 
 
 
Figure 4.1.   A cylindrical shaped carbon foam sample. 
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38 bar 
 
 
      
38 bar 
 
58 bar 
 
58 bar 
 
 
68 bar 
 
68 bar 
 
 
78 bar 
 
78 bar 
 
 
   
Figure 4.2.   Stereo light microscopy images of the carbon foams produced at 
                           different pressures. 
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Table 4.1.   Density values of carbon foams produced at different pressures. 
 
 
Pressure 
(bar) 
 
Density 
(g/cm³) 
 
38 
 
0.50 
 
58 
 
0.54 
 
68 
 
0.56 
 
78 
 
0.58 
 
Table 4.1 presents the densities of carbonized foams varying with the operating 
pressure. The apparent density values of the carbon foam samples, also known as the 
bulk density, were measured by weighing a given volume of the sample, which 
obviously includes its pore system. It is clearly observed that the density and 
porosity of the carbon foam increased with the increase in operating pressure. This is 
in similar trend to the data reported in literature [18,19,20].  
 
The increase in density of carbon foams with increasing pressure can be explained 
according to the volatile evolution and release mechanism: As the pitch is heated 
above the softening point, volatile matter release takes place. For the case of higher 
pressures the stress created on the bubbles is higher than lower pressures therefore 
mesophase molecules are more effectively aligned and oriented to form cell walls, 
ligaments and junctions (see SEM photomicrographs in Chapter 4.1.2). This is 
believed to be the main mechanism behind the densification process.  
 
According to the mercury porosimetry analysis, the total porosity of the material was 
determined to be as high as 86% at 78 bar as shown in Table 4.2. This percentage 
decreased at the operating pressures of 68 bar and below. Pore sizes were found to be 
in the range of 0.0052-120 µm (see Figure 4.3). The average pore diameter of carbon 
foams exhibits an increasing trend with increasing operating pressure up to 68 bar. 
Higher stress created on the bubbles at higher pressures causes suppression of the 
bubbles. While depressurizing rapidly from high pressure to atmospheric pressure the 
bubbles may expand resulting in an increased pore diameter.  
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Table 4.2.   Variation of total porosity and average pore diameter with operating  
                         pressure. 
  
 
Pressure 
(bar) 
 
Total Porosity 
 
(%) 
 
Average Pore Diameter 
 
(µm) 
 
 
38 
 
65 
 
33.62 
 
 
58 
 
69 
 
44.92 
 
68 
 
80 
 
47.24 
 
78 
 
86 
 
45.24 
 
Figures 4.4 and 4.5 represent the variation of pore diameters for the pressures of 38 
and 68 bar respectively, which clearly shows a shift to larger pore distribution as the 
pressure is increased. This is also true for 58 bar. However at the highest pressure of 
78 bar the pore size seems to reserve its trend by decreasing compared to lower 
pressures but the increase in total porosity shows similar trend. 
 
 
Figure 4.3.   Range of pore size determined with mercury porosimetry.
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Figure 4.4.   Change of pore distribution for the pressure 38 bar. 
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Figure 4.5.   Change of pore distribution for the pressure 68 bar. 
 
On the other hand, 78 bar pressure was too high to produce appropriate forms of 
carbon foam. This is due to the molten pitch flowing out of the mold while 
depressurizing the system rapidly from 78 bar to atmospheric pressure. This resulted 
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in an unexpected decrease in amount of carbon foam produced. For this reason, 68 
bar is selected to be the operating pressure for the experiments. 
 
4.1.2.   Microstructural characterization 
 
The carbon foams exhibit a spherical cellular morphology in which cell walls are 
made up of aligned rod like mesophase pitch molecules. The ligaments (lines along 
which two cell walls meet) and junctions (corners of ligaments) consist of these types 
of molecules, which transform to graphitic layers at further heat treatment such as 
graphitization (see Figure 4.6). 
 
 
 
Figure 4.6.   Photomicrographs of mesophase pitch derived carbon foam produced at 
                     68 bar. 
 
Carbon foams have an open cellular structure with interconnected pores as reported 
in literature [67,68]. It is clear that these foams are not similar to typical glassy 
carbon foams, which lack graphitic structure and are reticulated networks of linear 
ligaments (as indicated in Figure 2.5, Chapter 2). The porous structure of the foam 
appear completely different from vitreous reticulated carbon foams as being 
significantly thicker and exhibiting a spherical morphology. 
 
Figure 4.7 shows the microstructure of carbonized foams by photomicrographs taken 
with scanning electron microscopy (SEM). L represents the ligaments (lines along 
which two cell walls meet), J represents the junctions (corners of ligaments) and M 
represents the cracks in the foam structure. 
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58 bar 
 
 
 
68 bar 
 
 
 
68 bar 
 
 
78 bar 
 
78 bar 
 
Figure 4.7.   Photomicrographs of the carbon foam samples produced at different 
                         pressures. 
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At higher operating pressures the interconnected pore structure shows that the pores 
seem to get together to form a cell. This behavior reduces as the applied pressure is 
decreased. At the lowest pressure of 38 bar the pores mostly extended up to the 
surface. At higher pressures the formation of cells may resemble the bubble burst 
phenomena observed in fluidized beds [69]. For the lower pressures the volatiles 
open pores declining partly to cell formation but for higher pressures they coalesce 
just to form cells. 
 
It is evident from the images that at low pressures the number of pores in a cell is 
relatively low compared to high-pressurized foam samples, which reflects as an 
undeveloped structure with less interconnection of pores that results in decreased 
porosity. 
 
Moreover, it can be seen from the images that the junctions get smaller with 
decreasing pressure and an undeveloped texture is observed at these regions. There 
are cracks and shattered openings between the neighboring cells at low pressures of 
38 and 58 bar. The disrupted texture of the carbon foams produced at lower pressures 
cause weakness structurally [70].  
 
To sum up, it is observed from the SEM photomicrographs that a more open-celled 
interconnected porous structure and enhanced alignment will be reached at high 
operating pressures. 
 
4.1.3.   Mechanical properties 
 
The compressive strength values of the foams after carbonization are determined to 
be between 1.87-3.52 MPa as presented in Table 4.3. The results are similar to the 
values reported in literature [20]. The foams became denser which partly caused as a 
result of compaction due to better alignment of pitch molecules at the cell walls, 
ligaments and junctions at higher pressures. These are the main reasons behind the 
enhancement of the mechanical properties for the increasing operating pressure. 
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Table 4.3.   Compressive strength of carbon foams produced at different pressures. 
 
 
Pressure  
(bar) 
 
 
Compressive Strength  
(MPa) 
 
38 
 
1.87 
 
58 
 
2.52 
 
68 
 
3.31 
 
78 
 
3.52 
 
From the SEM images it is observed that increasing operating pressures formed 
thicker cell walls and junctions with well-oriented structures in carbon foams, which 
are better in strength. Low-pressurized carbon foams, having an undeveloped texture 
with cracks, have relatively low compressive strengths. Since the high content of 
cracks in the foam structure will adversely affect mechanical properties [67]. 
 
4.2.      Effect of Pressure Release Time on Properties of Carbon Foam 
 
4.2.1.   Physical characteristics 
 
Cylindrical shaped carbon foams were produced when the system was depressurized 
at different pressure release times at constant temperature of 300ºC and pressure of 
68 bar. Stereo light microscopy images of the carbon foam samples are shown in 
Figure 4.8. Porous structure of the material can be observed from these images.  
 
The structure of the foams produced at pressure release times of 5, 80, 190 and 600 
sec. as observed by the stereo micrographs show that a more uniform cell formation 
is observed as the pressure release time is decreased. 
 
 
 
 
 
   
60 
 
 
5 sec 
 
 
5 sec 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
80 sec 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
80 sec 
 
 
190 sec 
 
 
190 sec 
 
600 sec 
 
 
 
 
 
600 sec 
 
 
 
Figure 4.8.   Stereo light microscopy images of the carbon foam samples produced at 
                     different pressure release times. 
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Change in density with pressure release time is represented in Table 4.4. The bulk 
density of the produced carbon foams decreased progressively from 0.56 to 0.24 
g/cm³ as the pressure release time was increased from 5 to 600 seconds. The 
measured density range is in general agreement with the densities reported in 
literature [18,19,20].  
 
Table 4.4.   Density values of carbon foams produced at different pressure 
                             release times. 
 
 
Pressure Release Time 
 
 
(sec) 
 
Density 
 
(g/cm³) 
 
5 
 
0.56 
 
80 
 
0.51 
 
190 
 
0.37 
 
600 
 
0.24 
 
Mercury porosimetry analysis shows that the porosity of the foams decreased from 
80 to 37% for the lowest and highest pressure release times as shown in Table 4.5. 
The pore sizes of the foam samples varied between 0.0052-120 µm.  
 
Table 4.5.   Variation of total porosity and average pore diameter with pressure 
                          release time. 
  
 
Pressure Release Time  
 
 
(sec) 
 
Total Porosity 
 
(%) 
 
Average Pore Diameter 
 
(µm) 
 
5 
 
80 
 
47.24 
 
 
80 
 
70 
 
67.48 
 
190 
 
58 
 
65.04 
 
600 
 
37 
 
95.56 
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Generally the average pore diameter of carbon foams exhibits an increasing trend 
with increasing pressure release time. By increasing the pressure release time the 
alignment and orientation of mesophase molecules are affected adversely causing 
decreasing stress, which may allow for the expansion of the pores (see SEM 
photomicrographs in Chapter 4.2.2). Figures 4.9 and 4.10 represent the variation of 
pore diameters for the pressure release times of 5 and 190 sec. respectively, which 
clearly shows a shift to larger pore distribution as the pressure release time is 
increased. 
 
From the density and porosity measurements it is clear that the foaming process is 
operating much more efficient as the pressure release time is reduced. At the lower 
pressure release times the volatiles seems to exert enough driving force and open 
comparatively more uniform and interconnected pores. At higher pressure release 
times the driving force is reduced thus bubbles face increasing resistance therefore 
they may chose the shortest route to escape tending to use similar openings (see SEM 
photomicrographs in Chapter 4.2.2). Disrupted alignment of the pitch molecules and 
damaged foam structure may cause decreasing density. 
 
4.2.2.   Microstructural characterization  
 
Figure 4.11 shows the photomicrographs of carbonized foams taken with SEM for 
microstructural analysis. The changes in pressure release time basically affect the 
formation of porous structure. All carbon foam samples exhibit changing degree of  
interconnected, open-celled and spherical porous morphology. Typical porous 
structure of carbon foam can be significantly observed for the carbon foam obtained 
for pressure release time of 5 sec. On the other hand, with increasing pressure release 
time deviations from spherical structure and an increasing number of cracks in the 
foam structure are observed. Moreover, shattered openings between the neighboring 
cells call attention. Cell walls and ligaments get significantly thicker at longer 
pressure release times. Moreover, alignment of the pitch molecules is disrupted. This 
resulted in irregular cell wall, ligament and junction formation at longer pressure 
release times. 
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Figure 4.9.   Change of pore distribution for 5 sec. pressure release time. 
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Figure 4.10.   Change of pore distribution for 190 sec. pressure release time. 
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Figure 4.11.   Photomicrographs of carbon foam produced at different pressure 
                             release times. 
 
 
5 sec. 
 
5 sec. 
 
 
80 sec. 
 
 
80 sec. 
 
190 sec. 
 
 
190 sec. 
 
 
600 sec. 
 
 
600 sec. 
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4.2.3. Mechanical properties 
 
The compressive strength values of the carbon foams obtained at different pressure 
release times are measured to be between 3.31-2.16 MPa as presented in Table 4.6. 
With increased pressure release times cell walls and ligaments became weaker in 
structure so that carbon foams became weak in strength as well when compared to 
more rapidly depressurized foam samples. This further realized with the increased 
number of cracks in the foam structure and decreasing porosity. 
  
Table 4.6.   Compressive strength of carbon foams produced at different pressure  
                        release times. 
 
 
Pressure Release Time 
 (sec) 
 
Compressive Strength  
(MPa) 
 
5 
 
3.31 
 
80 
 
2.92 
 
190 
 
2.59 
 
600 
 
2.16 
 
4.3.      Foaming Mechanism 
 
The effect of the pressure and pressure release time on the formation of carbon foams 
from mesophase pitch can be explained according to the foaming mechanism 
reported in literature [70-72]: As the foam is produced, the shear stresses from the 
expansion of the bubbles with applied pressure cause the mesophase molecules to 
align parallel to the surface of the bubbles. During carbonization the resultant aligned 
carbon forms the highly ordered structures. On the other hand, in certain regions like 
ligaments and junctions the stress varies. It is less in junctions compared to ligaments 
and this results in minor rearrangement of the mesophase molecules at the junctions. 
These structural developments can be observed in SEM photomicrographs of carbon 
foams in each case of investigating the effects of pressure and pressure release time. 
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Stretching during the bubble formation, growth stage of the bubbles and finally the 
development of cell structures are directly affected by the viscosity of the precursor. 
During the bubble growth stage under pressure the pitch is in the fluid stage and it is 
obvious that the mesophase domains will orient in response to the stresses resulting 
from bi-axial extension of the bubbles. This extension causes mesophase molecules 
to orient parallel to the surface of the bubbles as shown in Figure 4.12.  
 
 
 
Figure 4.12.   Bubble growth under applied pressure [19]. 
 
A cellular morphology forms as a result of the joining of the bubbles and 
development of the openings between the bubbles as observed from the SEM images 
of carbon foams. Cells develop with the orientation in the surface translating to the 
ligaments, which consist of highly aligned mesophase domains. During this 
development, a lower viscosity will result in better re-orientation due to extension, 
thus resulting in enhanced alignment of the mesophase domains parallel to the axis of 
the ligaments. Alignment of the mesophase will result in better alignment of the 
graphitic crystal after heat treatment (graphitization).  
 
In the orientation mechanism, a higher viscosity will inhibit the mobility of the 
molecules and therefore, growth and the coalescence of the mesophase domains will 
be restricted during processing. As the viscosity is a function of temperature the 
effect of temperature on the foam structure is reported by Eksilioglu [73]. Finally, the 
conversion of mesophase pitch in to a graphitic form is schematized in Figure 4.13. 
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Typical molecular structure of Mitsubishi AR mesophase pitch 
 
                                      Under proper processing and heat treatments, the   
                                      mesophase molecules become a discotic nematic liquid    
                                      crystal  
             
 
 
 
 
 
Conversion to graphite through heat treatment up to 3000 ºC 
 
 
 
Figure 4.13.   Conversion of mesophase pitch in to graphite [72].  
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5.       CONCLUSIONS 
 
The main conclusions of the study on production and properties of mesophase pitch 
based carbon foams are given below: 
 
1.  Operating pressure and pressure release time affect foam properties such as pore 
structure, density and compressive strength of the carbonized foams.  
 
2.  Higher density, increased compressive strength and a more interconnected open 
celled porous structure are obtained at higher pressures. 
 
3.  Pressure release time also affected the formation of porous structure. A more 
interconnected open-celled porous structure is formed for shorter pressure release 
times. 
 
4.   The increase in density and compressive strength are found to be directly related 
to the formation of the foam structure namely cells, ligaments and junctions. 
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6.        RECOMMENDATIONS AND FUTURE WORK 
 
Although the data and discussion presented in this study illustrate the potential of this 
material to be an enabling technology for many applications, further work is needed. 
It is believed that through process optimization (the minimization of cracks and 
development of better orientation in the junctions) the physical and mechanical 
properties of the foams can be improved. A full characterization of the kinetics of the 
foaming reaction should be undertaken in order to allow optimization of the process. 
Some further studies may be interesting to investigate such as: 
  
1.     The effects of different pitches on the foam characteristics. 
 
2.   The use of some additives to improve the chemical, mechanical and structural 
characteristics of carbon foams. 
 
3.   The ability to perform the graphitization process to search for the extraordinary  
thermal properties of graphite foams. 
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